Abstract Non-thermal C/H/Ar plasmas are widely applied to carbonaceous material production and processing. In this work, plasma parameters and gaseous species of the atmospheric non-thermal C/H/Ar plasmas produced by an atmospheric-pressure DC arc discharge generator in CH4/Ar were investigated. The voltage-current characteristics were measured for different CH4/Ar ratios. Optical emission spectroscopy was employed to analyze the electron excitation temperature, gas temperature and electron density under various discharge conditions. The hydrocarbon molecules produced in the CH4/Ar plasmas were detected with photoionization mass spectrometry. The optical spectral results demonstrated that the electron excitation temperature was 0.4-1 eV, the gas temperature was 2800-4200 K and the electron density was in the range of (5-20)×10
Introduction
Over the last several decades, hydrocarbon/argon (C/H/Ar) plasmas have been widely studied and utilized in a variety of industrial applications, such as methane pyrolysis [1, 2] , diamond film deposition [3, 4] , synthesis of acetylene [5] and various carbon materials, such as nanotubes, C 60 etc [6, 7] . More recently, atmospheric pressure C/H/Ar plasmas have attracted more and more interest for their high energy efficiency and economy without vacuum equipment. Various methods have been proposed to produce atmospheric pressure C/H/Ar plasmas, such as gliding arc [8] , nonthermal DC/AC arc [9] , glowing discharge [10] , DBD discharge [11] , RF discharge [12] , etc. However, most of such plasmas deviate from thermal or chemical equilibrium and should be treated as non-equilibrium plasmas, which makes them more complex to investigate. Since masses of experiments on non-equilibrium C/H/Ar plasmas were performed with various devices in different conditions, it appears quite difficult to achieve definite and general conclusions from the diverse experiment results. Atmospheric pressure nonthermal DC arc discharge is a relatively convenient and direct method to generate stable non-equilibrium plasmas with gas temperature (2000-4000 K) much lower than electron temperature (>10000 K). Moreover, the intermediate level of energy densities and concentrations of chemically reactive species in non-thermal arc exhibit great industrial value. In the long run, the utilization of C/H/Ar plasmas produced with atmospheric pressure non-thermal arc discharge will attract more and more attention due to the advantages mentioned above.
At the current stage, there are some studies and data on atmospheric pressure C/H/Ar non-thermal arc discharge plasmas' properties, e.g. gas temperature, electron temperature and density, molecular radical compounds, etc. Some experimental information concerned with C/H/Ar plasmas has been obtained in the investigation of diamond film deposition at atmospheric or close-to-atmospheric pressure. However, few reports * supported by National Natural Science Foundation of China (Nos. 11035005, 11475174, 50876101) and USTC-NSRL Association Funding (No. KY2090130001) discussed both the plasma parameters and species information. Derkaoui [13] measured electron density and electron temperature in H 2 /CH 4 plasma by optical emission spectroscopy (OES) and MW interferometry, whereas the investigation lacked gas temperature and mass spectrum information. Farauk [14] obtained the methane conversion factor and C 2 H 2 density by mass spectrometry, but the electron density, electron temperature and gas temperature were deduced from a numerical model. Lombardi [15] et al. evaluated the gas temperature of Ar/CH 4 /H 2 plasma from a numerical simulation of the emission spectra of the (0-0) C 2 (d 3 Π g -a 3 Π u ) transition. Ramasamy [16] et al. calculated the gas temperature and electronic density by applying OES and numerical simulation for Ar/CH 4 and Ar/C 2 H 2 /H 2 plasmas at atmospheric pressure.
In this work, we present a non-thermal DC arc plasma generator and diagnosis system for the purpose of characterizing the plasma properties and chemical processes of C/H/Ar plasmas. A mixture of methane and argon was used to produce C/H/Ar plasmas in our study considering the universality and practical value in industries. Optical emission spectroscopy was carried out for the determination of the CH 4 /Ar plasma properties. In particular, the electron density was extracted from the Stark broadening of H α line [17, 18] . The electron excitation temperature was deduced from the ratios of two spectral lines of argon atoms (2λ method [19−21] ). The gas temperature was obtained using numerical simulation of the rotation spectra of C 2 Swan (d 3 Π g -a 3 Π u ) system. Meanwhile, a newly developed mass spectrometry technique, single-photon ionization time-of-flight mass spectrometry [22−24] (SPI-TOFMS), was used to analyze the complicated compounds of the CH 4 /Ar plasmas. Fig. 1 shows the schematic of the experimental setup. The experiment was conducted using a 2 mm diameter tungsten cathode and a cylindrical hollow copper anode with 15 mm O.D. and 5 mm I.D. Arc discharge was generated in a quartz chamber with a fixed electrodes gap of 8 mm. Methane and argon were pre-mixed with different ratios before being introduced into the quartz chamber from the cathode surrounding. Then the gas flow was ignited under a high voltage provided by a DC power supply and an arc discharge plasma formed. The exhaust gas was expelled through the center channel of the anode, where a capillary was placed to introduce the products into the mass spectrometer.
Experimental setup
The arc discharge was maintained at low currents and voltages (l0-150 mA, 300-500 V) in our study and the current-voltage data were recorded by a digital oscilloscope (Tektronix TDS 2014, not displayed on the diagram). To perform optical emission spectroscopy, a 1:1 image of the arc column was projected on a movable focus plate with fixed fibers by an achromatic lens (focus length of 300 mm). A 3/4 m spectrograph (Princeton Acton SP 2750) equipped with an intensified charge coupled device (ICCD, Princeton PI-MAX 2) and a computer were used for measuring and recording the emission spectra, while gratings of 1200 lines/mm and 1800 lines/mm were adopted for different demands of precision. The imaging size of the ICCD is 1024×1024 pixels and 12.8×12.8 µm/pixel, meanwhile the spectral resolution of the spectrometer is less than 0.06 nm within a wide spectral range from 200 nm to 1000 nm. Finally, the whole OES system was calibrated with a deuterium and tungsten halogen radiometric calibration source (Ocean Optics Inc. DH-2000-CAL).
Fig.1 Schematic of the experimental setup
For mass spectrometry analysis, the SPI-TOFMS was applied in this work. As shown in Fig. 1 , the details of this setup can be found elsewhere [22] , so only a simple description is given here. Gaseous samples from the capillary were introduced into the ionization chamber and ionized by the ultraviolet light emitted from a krypton lamp. Then the photon-generated ions were pushed into the mass spectrometer chamber and analyzed by a TOFMS. It has been proved that the SPI-TOFMS can ionize molecules softly with little or even no fragments [23, 24] , which makes it much easier to identify complicated compounds in plasmas without pre-separation. However, it must be pointed out that only molecules with ionization potential lower than 10.6 eV could be detected in view of the krypton lamp used in our experiment.
3 Results and discussion 3.1 Electrical characteristics Fig. 2 illustrates the voltage-current characteristics of the atmospheric pressure non-thermal arc plasmas with the CH 4 /Ar ratio of 0.74%, 1.48% and 2.20%. It shows that the voltage decreases with increasing discharge current, well known as the "negative resistance characteristic". On the other hand, it can be seen from A typical emission spectrum (400-800 nm) for the non-thermal DC arc plasma (the CH 4 /Ar ratio of 1.48% and current of 100 mA) is presented in Fig. 3 . As can be seen, the infrared spectrum (700-800 nm) is dominated by the atomic spectrum of Ar lines. Meanwhile the visible spectrum (400-700 nm) is much more complicated but less intense than the infrared part. It includes the H-Balmer lines and vibrational-rotational spectrum of diatomic molecules such as C 2 Swan system (d 3 Π g -a 3 Π u ) and CH A-X system (A 2 Π -X 2 Π), which demonstrates the existence of the species of H, C 2 , CH radicals. The 2λ method (i.e. the ratio of the intensities of two spectral lines) is used to approximately calculate the electron excitation temperature T exc in nonthermal plasma [19−21] . Furthermore, it has been proved that using spectral lines with a higher excitation energy difference can improve the accuracy for the 2λ method [25, 26] . Thus the argon lines 738.4 nm and 743.5 nm are adopted in our experiment. As can be seen from Table 1 , the line 738.4 nm is produced by the transition from 4p to 4s and the line 743.5 nm from 6s to 4p [27] . The difference of the excitation energy of upper state of 738.4 and 743.5 nm lines is much bigger than other pairs of lines which are produced by the transitions from 4p to 4s. On the other hand, the self absorption is ignored in our measurements, considering the "optically thin" assumption [25] . Thus the electron excitation temperature T exc can be deduced from the relation between two excitation levels of argon atoms, as described by:
where the subscript 1, 2 represent the 738.4 nm and 743.5 nm lines, respectively. I is the integrated intensity of lines, A is the transition probability, g and E are the degeneracy and excitation energy of the upper state, respectively. λ is the wavelength and k is the Boltzmann constant. The parameters E, g, A are taken from the NIST [27] and tabulated in Table 1 .
The measurements and calculations of the electron excitation temperature T exc in CH 4 /Ar plasmas were carried out as functions of discharge current and the CH 4 /Ar percentage. As presented in Fig. 4 , T exc varies within the temperature range from 0.5 eV to 1 eV in our experiments, which is of the same order of magnitude as other atmospheric pressure non-thermal plasma [16, 28, 29] . Moreover, as can be seen from Fig. 4 , T exc decreases with both discharge current and CH 4 /Ar percentage, which could be ascribed to the increase in the number of inelastic collisions between electrons and molecules [29, 30] .
The gas temperature T g of heavy species can be deduced from the rotational temperature T r due to the strong coupling between translational and rotational energy states [31] . In our experiment, two systems of diatomic molecular spectra, C 2 Swan system (d 3 Π ga 3 Π u ) and CH A-X system (A 2 Π -X 2 Π), have been observed. However, the CH A-X band (415-440 nm) is very weak and overlapped with the Ar lines (427.2 nm, 430.0 nm and 433.4 nm) and H γ line (434 nm). On the contrary, the C 2 Swan system is much more intense and little overlapped with other lines, so it is appropriate and adopted to analyze the rotational temperature by numerical simulation in our study [32−34] . The PGO-PHER [35−38] program is used for determining the values of rotational temperature by fitting user-specified molecule species, broadening width and rotational, vibrational and electronic temperature with the measured rotational spectrum of C 2 Swan band. A typical result of these simulations is presented in Fig. 5 , which indicates T r ≈ 3170 K. Fig.5 Comparisons of the PGOPHER code-generated spectra and the experimental data, the simulated rotational temperature Tr=3170 K As shown in Fig. 4 , the gas temperature varies little in the range of 2800-4200 K. It increases slowly with the current and CH 4 percentage due to the rise of the discharge power, opposite to the electron temperature.
The electron density n e is derived from the Stark broadening of the H α line (656.3 nm). It should be pointed out that in many studies of hydrocarbon plasmas the H β line (486.1 nm) is more frequently used for Stark broadening analysis because of the large broadening width and well established theory [17, 18, 20] . However, in our experiment the H β line is much weaker than H α line due to the metastable Ar atoms and H 2 molecules [18] . Moreover, the H β line is slightly overlapped by the tail of the C 2 Swan band. As a consequence, the H α line is adopted for the Stark broadening analysis in our study. The spectral line broadening and shape involve several broadening mechanisms, including Doppler broadening, instrumental broadening and Stark broadening, etc [20, 25, 26] . The actual shape of the experimental spectral line can be described by a Voigt function [20, 25] , which is a convolution of the Gaussian profile (Doppler broadening and instrumental broadening) and the Lorentzian one (dominated by Stark broadening). The instrumental broadening due to the apparatus function (∆λ app =0.05 nm) is determined by using a low-pressure Hg-lamp in this experiment, and the Doppler broadening, ∆λ Doppler , is calculated by the following formula [39] :
where k is the Boltzmann constant, T is the gas temperature, M is the molecule mass, c is the speed of light and λ 0 is the wavelength (656.3 nm for H α ). Actually Doppler broadening is usually very weak (∆λ Doppler =0.025 nm for T =3000 K), but it is still taken into account in this experiment for a higher precision. Thus, the Gaussian FWHM (full width at half-maximum) ∆λ G is calculated by the relation, ∆λ G = ∆λ 2 app + ∆λ 2 Doppler , then the Stark broadening ∆λ Stark can be determined by fitting the experiment profile with the Voigt function with the fixed Gaussian part. Finally, the electron density n e is calculated by the relation for Stark broadening, as the following semiempirical formula [17, 18] : 
Here FWHA is the full width at half-area of H α line. However, since the Stark broadening profiles of H α line are close to Lorentzian, it is justified to use ∆λ Stark = FWHW = FWHA in formula (3) [18] . Fig. 6 Fig. 7 shows the variation of the electron density with the discharge current and CH 4 /Ar percentage. It illustrates that the electron density n e increases with the discharge current, probably due to the rising gas temperature, whereas n e decreases with the rise of the CH 4 percentage, which could be ascribed to the higher ionization energy of methane molecules (12.61 eV) than the metastable argon atoms (11.7 eV) in CH 4 /Ar plasmas [27, 40] . Fig.7 The electron density ne versus the discharge current at CH4/Ar ratio of 0.74%, 1.48% and 2.20%
3.3 Mass spectrum characteristics Fig. 8 shows a typical photoionization mass spectrum of the CH 4 /Ar plasma with the CH 4 percentage of 1.48% and the discharge current of 100 mA. Many kinds of hydrocarbons with mass from 28 to 126 have been generated in the arc plasma. As declared in section 2, molecules with ionization potentials higher than 10.6 eV (such as CH 4 , C 2 H 2 , and C 2 H 6 ) cannot be detected because of the limitation of the krypton lamp. Moreover, the molecules with very low mass (such as H 2 ) and short lifetime (such as radicals C 2 , CH) cannot be detected because of the instrumental limitation [22] . Fig.8 Typical photoionization mass spectra of the gasphase components in the CH4/Ar plasma for CH4 percentage of 1.48% at 100 mA Fig. 9 presents the relative variation of 6 typical species (C 2 H 4 , C 3 H 6 , C 4 H 2 , C 6 H 6 , C 6 H 12 , C 10 H 6 ) with the CH 4 /Ar ratio at the discharge current of 100 mA. As can be seen from Fig. 9 , the relative amounts of C 3 H 6 , C 4 H 2 and C 6 H 6 increase fast with the CH 4 ratio, while the amounts of C 6 H 12 and C 10 H 6 increase slightly. Besides, the amount of C 2 H 4 increases with the CH 4 ratio at first but then decreases. Due to the limitations of the apparatus and theory, the detailed reaction mechanism in non-thermal CH 4 /Ar arc plasmas is still not very clear and much more work needs to be done for understanding the reaction mechanism in non-thermal CH 4 /Ar arc plasmas. Fig.9 Relative variation of 6 typical species (C2H4, C3H6, C4H2, C6H6, C6H12, C10H6) versus the CH4/Ar ratio at discharge current of 100 mA
Conclusion
In this study, plasma parameters (the electron excitation temperature, gas temperature, electron density) and gaseous species of atmospheric-pressure nonthermal C/H/Ar plasmas are investigated by a CH 4 /Ar DC arc discharge plasma. Electrical characteristic is measured at different CH 4 /Ar ratios. The OES results demonstrate that the electron excitation temperature is 0.4-1 eV, the gas temperature is in the range of 2800-4200 K and the electron density is in the range of (5-20)×10
15 cm −3 under 40-120 mA, 0.7%-3% of CH 4 /Ar. Besides, it also shows that T g and n e increase but T exc decreases with the discharge current. On the other hand, the increase of CH 4 percentage leads to the rise of T g and the decrease of T exc and n e .
Photoionization mass spectrometry is used to detect the hydrocarbon molecules generated in the CH 4 /Ar plasma. A variety of unsaturated hydrocarbons (C 2 H 4 , C 3 H 6 , C 6 H 6 , etc.) and several highly unsaturated hydrocarbons (C 4 H 2 , C 5 H 6 , etc.) have been identified in this experiment and some relative amount variations with the CH 4 percentage have been illustrated.
